ABSTRACT We propose a spectral and energy efficient cooperative spectrum sharing scheme with the primary user (PU) capable of harvesting wireless energy. Along with an access point (AP) transferring wireless power to PU, a secondary source (SS) and a secondary relay (SR) can cooperatively transmit data to a secondary destination (SD) using the amplify-and-forward protocol. The interference from secondary transmissions can boost the amount of harvested energy at PU. After the wireless power transfer phase, PU transmits data to AP using the harvested energy, and meanwhile SS transmits data to SD. The SR could simultaneously forward the data of both systems to improve their communication qualities. With the energy and data cooperations from SS and SR, more energy can be harvested by PU and the data reception at AP becomes more reliable, so the throughput performance of primary system can be satisfied more easily. As a result, a fraction of spectrum could be enough for the primary system and the remaining spectrum is released to the secondary system. The optimal time and bandwidth factors are determined to maximize the throughput of secondary system under the performance constraint of primary system. The numerical results show that our proposed scheme significantly outperforms the non-cooperative scheme in terms of system throughput.
I. INTRODUCTION
Spectrum sharing in cognitive radio networks (CRN) is a promising solution to increase the spectrum utilization efficiency by allowing secondary users (SUs) to opportunistically access the spectrum unused by primary users (PUs) [1] . The cooperation from SUs can enhance the reliability of primary system by introducing the space diversity, as a result the whole spectrum can be accessed by SUs in a separate time [2] , or a fraction of disjoint bandwidth can be allocated to the secondary system [3] , or SUs can simultaneously access the spectrum with PUs [4] . For the multi-relay CRN, an adaptive decode-and-forward (DF) relaying scheme with the best-relay selection was proposed in [5] to improve the performance of secondary transmissions while ensuring the The associate editor coordinating the review of this manuscript and approving it for publication was Hayder Al-Hraishawi. quality of service (QoS) requirement of primary transmissions. Duong et al. studied the DF cognitive relaying with multiple primary transceivers, where the transmit powers of secondary source and relay should be properly set under the interference constraints of all the primary transceivers [6] . The closed-form expressions of outage probabilities were derived in [7] for the cognitive dual-hop amplify-and-forward (AF) relaying. Furthermore, Majhi et al. studied the AF cognitive relaying with the best relay selection, where the outage probability of secondary system is analyzed by considering both the direct link and the cooperative relay link [8] . Inspired by the low spectral efficiency of the half-duplex relaying, Deng et al. studied the full-duplex AF cognitive relaying, where both the residual loop interference at the relay and the interference constraint at PUs are jointly considered for the relay selection policies [9] . In order to mitigate the strong interference from PUs, the interference cancelation techniques are adopted at both the relay and destination nodes for the secondary data decoding [10] . For the cooperative spectrum sharing, SUs can help PUs' data transmissions to strive for the opportunities of spectrum access [11] . In order to improve the energy efficiency of cellular networks, Zhu et al. jointly implemented the cognition and cooperation techniques within the TV bands [12] .
Radio frequency (RF) energy harvesting (EH) has been intensively studied nowadays to sustain the operations of low-energy requirement systems. As an effective strategy to facilitate low-power electronics, RF EH has been expected to provide a practically realizable solution for applications, especially for networks with low power devices such as wireless sensor network (WSN) [13] . Instead of harvesting RF energy from the ambient environment, a dedicated transmitter can be adopted to actively transfer wireless power to users. Since the wireless power transfer (WPT) is more controllable and the amount of energy harvested by users is more predicable, the transmission requirement can be satisfied more easily. In practice, the energy harvester and the information decoder usually work with separate circuits, so the time-switching (TS) and the power-splitting (PS) techniques can be applied to realize the EH and the information decoding (ID) in time and power domain, respectively [14] . Considering that the EH can be performed by different nodes, various EH based cooperative relaying schemes have been proposed. The relay can harvest energy from the source transmission and then forwards source data using the harvested energy [15] . Specially, energy-constrained relays can harvest energy from not only the received information signal but also co-channel interference signals, where the interference acts as useful power in the EH phase [16] . Kalamkar et al. considered that an energy-constrained DF relay can assist the communication between a secondary transmitter and a destination in the presence of the interference from multiple primary transceivers and proposed an interference-assisted wireless EH scheme [17] . The DF and AF based two-path successive relaying schemes were designed in [18] and [19] , respectively, where two half-duplex EH-relays can harvest energy not only from the source but also from each other, and they can alternately forward the source data to the destination. To further enhance the energy and spectral efficiency, a full-duplex EH relay can be adopted to simultaneously receive and transmit signals from source and towards destination and meanwhile recycle the radiated energy [20] . If both the source and relay operate with EH, an access point (AP) can transfer power to them for the uplink data transmission [21] , [22] or both the source and relay can harvest energy from each other [23] . Dedicated power beacons can be deployed to perform the WPT towards the EH nodes to mitigate the double-fading effect [24] . When there are multiple source-destination pairs communicating through an EH relay, the optimal power allocation of relay to forward the data of multiple pairs was studied in [25] . For large-scale networks with destination nodes harvesting energy from source nodes, Krikidis analyzed the system performance with/without relaying [26] , and Zhai et al. proposed an energy and data cooperation scheme by defining EH zones and cooperation zones [27] .
The EH capability has also been integrated into the CRN, where various models have been studied with either PUs or SUs working with EH. For the EH-based cognitive relaying, the secondary relay can harvest energy from the RF signals of primary system and forward the data under the interference constraint of PU receiver [28] . If there are multiple primary transceivers, the transmit power of secondary relay should be strictly controlled without violating the peak interference constraint of each PU receiver [29] . When SUs are capable of harvesting wireless energy, they can adaptively choose the operation of transmitting data over the licensed spectrum or harvesting energy from PUs' transmissions according to the spectrum occupancy status [30] [31] . The optimal transmission policy of SUs with optimal time and power allocation in the EH and data relaying was designed in [32] to maximize the achievable rate of secondary system. In addition to the energy cooperation, SUs can help boost the primary system's performance by relaying the primary data and as a result PUs can wireless charge SUs and offer more opportunities for SUs to access the spectrum [33] . When there are multiple EH-SUs, they can harvest energy from the primary transmitter in a given time and then access the spectrum using the code-division multiple access method [34] . In an energy and spectrum efficient Internet of Things (IoT) network for 5G systems not considering relaying, spectrum can be shared with the cellular system to improve spectrum efficiency, while RF energy harvested from the cellular traffic and the transferred energy from the cluster head can improve the energy efficiency [35] . Furthermore, in the similar paradigm enabling communications for IoT applications, two IoT devices can exchange their information utilizing the energy harvested from PUs and also provide relay assistance to a pair of PUs [36] . In large-scale CRNs, the SUs that are lying in the EH zones around PUs could harvest and store energy into their batteries, while the SUs that have harvested enough energy and lie outside the guard zones of all the PUs could opportunistically access the spectrum [37] . By considering the resource complementary between primary and secondary systems, i.e., PUs own spectrum but lack energy, while SUs have enough energy but no spectrum, SUs can help transfer wireless power to PUs and help relay the primary data to exchange some spectrum for the secondary data transmission [38] . For the multi-antenna scenario without relaying, the TS-based EH and beamforming technologies can be adopted to improve the EH efficiency of the primary receiver as well as the throughput of secondary system in hierarchical cognitive radio cellular networks [39] . However, the longer transmission distance between the primary transmitter and the primary receiver, the lower efficiencies can be get. To further enhance the spectral efficiency, SUs can cooperatively transmit data using the DF protocol along with the WPT of primary system, so PUs will harvest more energy and transmit with higher powers, which can tolerate more interference from the SUs' spectrum access [40] .
In most of the existing works [28] - [37] , SUs are often assumed to harvest energy, while PUs have continuous power supplies. However, in practice, it is possible that PUs may be short of energy and need to harvest energy to sustain their operations, while SUs may have stable energy supplies. Inspired by this fact, we study the cooperative spectrum sharing with PUs capable of harvesting energy. The interference from SUs' transmissions can beneficially boost the amount of energy harvested by PUs. Since the communication distance of primary link may be long, the small power of PU can not support the reliable transmission. In this sense, SUs can help forward the primary data. Thanks to the energy and data cooperations from SUs, the performance requirement of PUs can be satisfied more easily. As a reward, SUs can achieve more opportunities for the spectrum access in both the time and spectrum domains. The works of [38] - [40] have ever considered EH-PUs in CRNs, but they focus on the spectrum sharing in only one domain, e.g., time or power domain. Further, we adopt the AF protocol for the data relaying, which can simplify the transmission procedure. Since AF can be more easily implemented than DF, it is more suitable for mobile relay with limited computation capability.
We proposed a cooperative spectrum sharing scheme for a CRN, where an EH-PU needs to communicate with an AP, and a secondary source (SS) intends to communicate with a secondary destination (SD) with help from a secondary relay (SR) operating in the AF fashion. PU has no stable power supplies and should harvest energy from RF signals transmitted by AP and SUs. All the SUs have continuous power supplies but have no spectrum. In this scenario, we investigate energy and spectral efficient cooperation and spectrum sharing strategy in both time and spectrum domains between the two systems. The transmission time is divided into equal-length blocks with each block having two phases.
• In the first phase, along with AP transferring wireless power to PU over the whole bandwidth, SS and SR will cooperatively transmit data to SD using their maximal power, from which the strong interference can increase the amount of harvested energy at PU. Since the energy signal is predefined and a prior known by all the SUs, both SR and SD could cancel the energy signal from the received composite signals for their data decoding.
• In the second phase, the whole bandwidth is divided into two disjoint fractions for the primary and secondary data transmission, respectively. SR forwards both the primary data and the secondary data simultaneously using disjoint bandwidths, so there is no mutual interference between the two systems. In spite that the transmit power of PU is often small, with the cooperation from SR, the communication quality of primary system can be greatly improved.
The spectrum sharing is beneficial to both systems in our work. In the first phase, the spectrum sharing with maximal powers can help charge the PU and meanwhile make the secondary data transmission more robust. In the second phase, the cooperative relaying from SR can improve the transmission reliability of both systems. Therefore, the performance of primary system can be satisfied more easily, and SUs can achieve more opportunities of accessing the spectrum in both time and spectrum domains. We formulate an optimization problem to determine the time and bandwidth factors by maximizing the secondary throughput while ensuring the throughput requirement of primary system. Numerical results show that our proposed scheme can significantly increase the system sum-throughput compared with the non-cooperative scheme.
The rest of this paper is organized as follows: Section II describes our proposed WPT based spectrum sharing scheme. Section III presents the data transmission process and the power setting of PU. Section IV analyzes the outage probabilities of both systems. Section V formulates an optimization problem. Numerical and simulation results are presented in Section VI. Finally, Section VII concludes this work.
II. SYSTEM MODEL AND PROTOCOL DESCRIPTION
We consider a CRN as shown in Fig. 1 , where PU has data for the delivery to AP, and in the same geographical area SS intends to communicate with SD with assistance from SR. SR runs the AF protocol [41] due to its property of simplicity. The maximal ratio combining (MRC) technique is implemented at AP and SD for the information decoding. We assume that PU has no energy supplies, and it should harvest energy from the RF signals broadcast by AP and the secondary nodes. All the other nodes are assumed to have stable power supplies. This assumption is reasonable that PUs may represent the wireless sensor nodes, which are deployed in the extreme areas, so it may be difficult to recharge their batteries artificially. The secondary nodes may be mobile users that may connect to the power grid or work with large-capacity batteries, so they can have stable power supplies. Due to the long distance between AP and PU, the efficiency of wireless EH at PU is very low. The interference from SUs can be beneficially used to boost the amount of harvested energy at PU. Further, a secondary relay can be adopted to help the primary data transmission. Both the energy and data cooperations from the secondary system can improve the performance of the primary system. Each node is assumed to have one omnidirectional antenna and operate in the half-duplex mode. In the sequel, we use subscript p for PU, a for AP, s for SS, r for SR, and d for SD. We use h xy to denote the channel coefficient from x to y with x, y ∈ {p, a, s, r, d}. The channel between any transmitter and receiver is assumed to undergo independent Rayleigh block fading, so it remains invariant in each block but changes independently across different blocks. The channel fading over different links is also independent. As a result, the channel power gain |h xy | 2 is exponentially distributed with the mean power gain λ xy . The probability density function (PDF) and the cumulative distribution function (CDF) of Z = |h xy | 2 can be expressed as Fig. 2 shows the diagram of time and bandwidth usage for the cooperative energy transfer and data transmission. The transmission time is divided into equal-length blocks with each block having two phases. Each block is normalized to have one second. The first phase lasts for τ second and it is used for the WPT in the primary system and the secondary data transmission. The second phase lasts for (1 − τ ) second and it is assigned for the data transmission. Furthermore, the first phase is divided into two subphases with equal length of τ/2, where the first time interval (0, Along with the WPT of AP, SS and SR cooperatively transmit the secondary data to SD. Apart from the energy signal sent by AP, PU can also harvest energy from the signals transmitted by SS and SR, so more energy can be harvested by PU. Since the interference from SS and SR is beneficial to boost the amount of harvested energy at PU, SS and SR can transmit with their maximal powers over the whole bandwidth. The usage of maximal power and whole bandwidth for the spectrum sharing can on one hand maximize the secondary throughput, and on the other hand maximize the amount of harvested energy at PU. Since the whole bandwidth is used by the two systems simultaneously, the cooperative data transmission of secondary system is interfered by the energy signal transmission of AP. We assume that the energy signal is predefined and it is a priori known by all the nodes. With the related channel state information (CSI) available, both SR and SD could cancel the energy signal from the received composite signal for the secondary data decoding.
In the second phase, we assume that PU can transmit the primary data only when the amount of energy harvested in the first phase reaches a certain threshold. Otherwise, PU will keep silent. This assumption is reasonable, because the data transmission from PU to AP is more reliable with enough energy, otherwise, the very few energy of PU will lead to the transmission failure more likely. According to the amount of energy harvested by PU in the first phase, there are two cases for the data transmission in the second phase.
• Case I: If the harvested energy of PU reaches a threshold, PU transmits the primary data to AP with a fixed power. Along with the primary data transmission of PU, SS transmits the secondary data to SD. The primary data delivery uses β fraction of the whole bandwidth, and the remaining (1 − β) is released for the secondary data transmission. In Phase I.A, PU transmits primary data to AP and SR with the allocated β bandwidth, meanwhile SS transmits the secondary data to SR and SD over the remaining (1−β) bandwidth. In Phase I.B, SR amplifies and forwards both the primary and secondary data to AP and SD simultaneously. Since the bandwidth used in the primary and secondary systems is disjoint, there is no mutual interference between the two systems. The appropriate band pass filter (BPF) is deployed at the front-end of each receiver to split the combined signal according to the assigned bandwidth.
• Case II: If the harvested energy of PU is less than the threshold in the first phase, PU keeps silent in the second phase and the harvested energy will be depleted by the circuit. Thus, SS transmits the secondary data to SD with the help of SR using the whole bandwidth.
In the first phase, the interference from secondary data transmission can boost the amount of energy harvested by PU, so PU can transmit in the second phase using a higher power. In the data transmission phase, SR will cooperatively forward the primary data of PU to AP. With the energy and data cooperations from SS and SR, a fraction of bandwidth could be enough to satisfy the throughput requirement of primary system. As a reward, the remaining bandwidth can be released to the secondary system. Furthermore, the mutual interference can be avoided by allocating disjoint bandwidths to primary and secondary transmissions. Both the time and bandwidth allocations should be judiciously determined to maximize the throughput of secondary system, while guaranteeing the performance requirement of primary system. Thus, the spectrum sharing is realized in both time and spectrum domains by considering the EH capability of PU.
III. DATA DELIVERY AND POWER SETTINGS
In this section, we will illustrate the cooperative data transmission and decoding of both systems in both the two phases. We will also determine the transmit power of PU by properly modeling the amount of harvested energy in the first phase.
A. OPERATION IN THE FIRST PHASE
As shown in Fig. 2 , in the first phase with τ second, AP transfers wireless power to PU, and meanwhile SS and SR cooperatively transmit the secondary data. This phase is divided into two subphases, i.e., Phase I.A and Phase I.B, with equal length of τ 2 . The AF based wireless relaying model is shown in Fig. 3 .
1) WPT IN THE PRIMARY SYSTEM
In the first phase, PU can harvest wireless energy from the energy signal transmitted by AP and the data signal transmitted by SS and SR. Let x e denote the predefined energy signal with unit power, i.e., E[|x e | 2 ] = 1, transmitted by AP.
In Phase I.A, PU can harvest energy from the energy signal of AP and the data signal of SS. The amount of harvested energy in the first τ 2 duration can be expressed as
where P a and P s represent the transmit power of AP and SS, respectively, and η is the energy conversion efficiency. In Phase I.B, PU can harvest energy from the energy signal of AP and the data signal of SR. The amount of harvested energy in the second τ 2 duration can be expressed as
where P r is the transmit power of SR. The total amount of energy harvested by PU in the first phase is denoted as E p and given by
2) DATA DELIVERY IN THE SECONDARY SYSTEM
In Phase I.A, along with AP transmitting energy signal to PU, SS transmits the secondary data to SR and SD. Since the energy signal is predefined and known apriority by SR and SD, with the CSI available, SR can cancel the energy signal from the received composite signal. The remaining signal at SR is denoted as y
and given by
where n r ∼ CN (0, σ 2 ) represents the additive white Gaussian noise (AWGN) at SR with σ 2 denoting the power of noise, and x s is the normalized data signal sent by SS with E[|x s | 2 ] = 1. In Phase I.A, the signal-to-noise-ratio (SNR) at SR over the link SS-SR is denoted as γ first sr and given by
where we omit the interference from AP, as the energy signal is assumed to be perfectly canceled by SR. Similarly as SR, we assume that SD could also perfectly cancel the energy signal received from AP. Then, the remaining signal at SD is denoted as y
where n d ∼ CN (0, σ 2 ) denotes the AWGN at SD. Using (6), the SNR at SD over the link SS-SD γ first sd is given by
After receiving the source signal, SR will amplify and forward it to SD. In Phase I.B, the transmitted signal from SR is denoted as x (I .B) r and given by
In Phase I.B, after canceling the energy signal sent by AP, the remaining signal at SD comes from SR, which is denoted as y
srd and given by
The received signal-to-interference-plus-noise ratio (SINR) at SD over link SS-SR-SD is denoted as γ 
where γ first rd = P r |h rd | 2 σ 2 . At the end of the first phase, SD combines the signals received in Phase I.A and Phase I.B using the MRC technique and performs the coherent detection. The end-to-end SNR of the secondary system in the first phase is given by [42] 
B. OPERATION IN THE SECOND PHASE
In the first phase, PU harvests energy from AP, SS and SR. When the amount of energy harvested by PU exceeds a given threshold, Case I occurs, and PU will transmit the primary data to AP using the harvested energy with the help from SR in the second phase. Otherwise, if the amount of harvested energy is smaller than the given threshold, Case II occurs, and PU will keep silent in the second phase. When Case II occurs, the harvested energy is less than the threshold E 0 , PU will not transmit the primary data. Throughout the second phase, PU keeps silent, and all the harvested energy in the former phase is depleted by the circuit. Thus, SS can transmit the secondary data to SD using the whole bandwidth.
When Case I occurs, analogous to the first phase, the second phase with (1 − τ ) duration is equally divided into two subphases, i.e., Phase II.A and Phase II.B. In Phase II.A, PU broadcasts the primary data to SR and AP, and meanwhile SS broadcasts the secondary data to SR and SD. In Phase II.B, SR forwards both the primary data and the secondary data to AP and SD simultaneously. The whole bandwidth is divided into two disjoint fractions. The β fraction of the bandwidth is used for the primary data transmission. The remaining (1−β) fraction of the bandwidth is used for the secondary data transmission. Since the bandwidth is separated orthogonally, both PU and SS can transmit the primary data and the secondary data simultaneously without mutual interference. To split the combined signals, the receivers can apply two BPFs according to the assigned bandwidth. As shown in Fig. 3 , the BPF1 denotes the BPF for the primary receiver using β bandwidth, and the BPF2 denotes the BPF used in the secondary system for (1 − β) bandwidth.
In Phase II.A, PU transmits its data x p with E[|x p | 2 ] = 1 using the energy harvested in the first phase. It is assumed that PU can transmit the primary data only when the harvested energy reaches a threshold E 0 , and PU transmits its data using a fixed power, given by
Then, the received signal at SR from PU is
where n p r ∼ CN (0, βσ 2 ) is the filtered white Gaussian noise with β bandwidth. Then, the SNR at SR over the link PU-SR is denoted as γ pr and given by
The received signal at AP from PU in Phase II.A is
where n p a ∼ CN (0, βσ 2 ) is the filtered AWGN with β bandwidth. The SNR at AP over the link PU-AP is denoted as γ pa and given by
Subsequently, SR first separates the received signals using two isolated BPFs, i.e., BPF1 and BPF2. Thus, the combined signals can be split into two independent signals. SR amplifies and forwards primary and secondary signals with the transmit power P r . Thus, the primary signal transmitted by SR is denoted as x p r and given by
In Phase II.B, AP filters the received signal according to the assigned bandwidth. The filtered signal at AP can be expressed as
Therefore, the SNR at AP over the link PU-SR-AP can be denoted as γ pra and given by
where γ ra = P r |h ra | 2 βσ 2 . At the end of Phase II.B, AP combines the signals received in Phase II.A and Phase II.B using the MRC technique and performs the coherent detection. The end-to-end SNR of the primary system is given by
In Phase II.A, SS transmits the secondary signal x s to SR and SD with power P s over the (1 − β) bandwidth. The received signal at SR from SS is
where n s r ∼ CN 0, (1 − β)σ 2 is the filtered white Gaussian noise with (1−β) bandwidth. The received signal at SD from SS in Phase II.A is
where n s d ∼ CN 0, (1 − β)σ 2 is the filtered white Gaussian noise with (1 − β) bandwidth. Correspondingly, the SNR at SD over the link SS-SD γ second sd is given by
The secondary signal transmitted by SR in Phase II.B is denoted as x s r and given by
The filtered signal at SD in Phase II.B can be expressed as
Therefore, the SINR at SD over the link SS-SR-SD in the second phase can be denoted as γ 
where 
IV. OUTAGE PROBABILITY ANALYSIS
We assume that both primary and secondary data are transmitted with fixed rate v p and v s , respectively. The primary data and secondary data are assumed to be successfully delivered if the achievable rate is greater than v p and v s , respectively. Otherwise, the data transmission is unsuccessful and the outage event occurs.
A. OUTAGE PROBABILITY OF PRIMARY SYSTEM
Considering whether PU has harvested enough energy in the first phase or not, the outage probability of primary system can be expressed as
where Pr E p > E 0 represents the occurrence probability of Case I, Pr E p < E 0 represents the occurrence probability of Case II, P I outp represents the outage probability of primary system in Case I, and P II outp represents the outage probability of primary system in Case II.
1) OCCURRENCE PROBABILITIES OF CASE I AND CASE II
Following the detailed derivation as given in Appendix A, the probability Pr E p > E 0 is obtained as (29) , as shown at the top of the next page. Accordingly, we can get the probability Pr E p < E 0 , i.e.,
Pr
2) OUTAGE PROBABILITY IN CASE I
The available rate of the primary data transmission in Case I is given by
where γ pri is given in (20) . The primary outage occurs when the achievable rate of primary transmission falls below the given rate v p , So, the primary outage probability in Case I is
where ξ p = 2 2vp β − 1. Following the detailed derivation as given in Appendix B, the primary outage probability in Case I can be approximated as
where a = σ 2 λ ra P r , b = σ 2 λ pr P p , and c = σ 2 λ pa P p .
3) OUTAGE PROBABILITY IN CASE II
When PU can not harvest enough energy in the first phase, it will keep silent in the second phase. Thus, the outage probability in Case II is 1, i.e.,
By substituting (29) , (30), (33) , and (34) into (28), we can get the outage probability of primary system.
B. OUTAGE PROBABILITY OF SECONDARY SYSTEM
Considering all the possible cases of cooperative transmission in both the two phases, the average outage probability of secondary system can be expressed as
where P first outs represents the outage probability in the first phase, P second,I outs represents the outage probability in the second phase when Case I occurs, and P second,II outs represents the outage probability in the second phase when Case II occurs.
1) Outage Probability in the First Phase
The available rate of the secondary data transmission in the first phase is given by
where γ first sec is given in (11). The secondary outage occurs when the achievable rate of the secondary transmission falls below the fixed rate v s , Thus, we can express the secondary outage probability in the first phase as
where ξ s = 2 2v s − 1. Similar to the derivation given in Appendix B, the outage probability P first outs can be approximated as
where a = 
Similar to the derivation of P first outs given in Appendix B, the outage probability of secondary system in the second phase can be derived as 
where ξ s = 2 2vs
(1−β) − 1 is a threshold of judging whether the secondary data can be correctly decoded or not in the second phase. The intermediate parameters a, b, and c are given under (38) .
• Case II: If PU can not harvest enough energy in the first phase, it will keep silent in the second phase. Thus, the secondary system can transmit the secondary data VOLUME 7, 2019 using the whole bandwidth. Accordingly, the transmission procedure and the outage probability are the same to those in the first phase, i.e.,
P second,II outs
Substituting (29), (30), (38) , (40) , and (41) into (35), we can obtain the average outage probability of secondary system.
V. THROUGHPUT AND OPTIMIZATION PROBLEM
In this section, we will define the throughput of both systems. Further, we will formulate an optimization problem to judiciously determine the duration of the first phase and the fraction bandwidth allocated to the primary data transmission in the second phase.
A. THROUGHPUT OF PRIMARY SYSTEM
The average throughput of primary system is denoted as T pri and given by
Substituting (12), (29), and (33) into (42), we can get the throughput of primary data transmission.
B. THROUGHPUT OF PRIMARY SYSTEM WITHOUT SPECTRUM SHARING
In the stand-alone primary system without spectrum sharing, AP transfers wireless power to PU in the first phase with τ n second. If the harvested energy of PU reaches the threshold E 0 , PU transmits the primary data to AP using power P p in the second phase, i.e., P p = E 0 1−τ n . Otherwise, PU keeps silent. The average amount of energy harvested by PU in the first phase is obtained as E n p = τ n ηP a |h ap | 2 . The SNR at AP over the link PU-AP can be denoted as γ n p = P p |h pa | 2 σ 2 . Thus, the throughput of primary system without spectrum sharing and cooperative relaying can be denoted as T non , given by
where A represents the event that the amount of energy harvested by PU in the first phase exceeds E 0 , and B represents the event that PU successfully communicates with AP in the second phase. The probability Pr {A, B} can be written by
where ξ n p = 2 v p − 1, and the channel between PU and AP is assumed to be symmetric, i.e., |h ap | 2 = |h pa | 2 .
• If
we have Pr {A,
Thus, the probability Pr {A, B} can be expressed as
where 1(·) is an indicator function which equals 1 if its argument is true and 0 otherwise. Substituting (45) into (43), we can get the throughput of primary system without spectrum sharing and cooperative relaying. Here, the one dimensional numerical search is performed to find the optimal value of τ n ∈ (0, 1) that can maximize T non . We denote T * non as the maximum value for the optimal value of τ * n .
C. THROUGHPUT OF SECONDARY SYSTEM
Given the fixed transmission rate v s , the average throughput of secondary system is denoted as T sec and given by
where the first term represents the throughput in the first phase, the second term represents the throughput in the second phase when Case I occurs, and the third term represents the throughput in the second phase when Case II occurs. Substituting (29) , (30) , (38) , (40) , and (41) into (46), we can get the throughput of secondary data transmission.
D. OPTIMIZATION PROBLEM
We aim to maximize the throughput of the secondary system while guaranteeing the throughput requirement of the primary system. In order to jointly determine the time and bandwidth allocation, we formulate the following optimization problem:
The constraint in (47) guarantees that the throughput of the primary system should be improved by at least δ (δ ≥ 0) ratio compared with the stand-alone primary system without spectrum sharing. Given τ , as proved in Appendix C, the average throughput of the primary system in (42) is a monotonically increasing function of β, while the average throughput of the secondary system in (46) is monotonically decreasing with β. By letting the primary throughput in cooperative mode equal the maximum non-cooperative throughput, the minimum value of β can be obtained, which can maximize the average throughput of secondary system. Thus, we can set T pri = (1 + δ)T * non owing to the monotonicity of T pri and T sec against β. Accordingly, the relationship between β and the given τ can be obtained and denoted as β = f (τ ).
In the interval of (0, 1), we define a group of discrete values of τ as
N with (N − 1) denoting the number of discrete values. The larger number of discrete values (N − 1), the more accurate the discrete values can approximate the continuous values. For a given τ n with n ∈ {1, . . . , N − 1}, we can obtain the bandwidth factor β n = f (τ n ) according to the relationship β = f (τ ). If 0 < β m < 1, the parameter pair (τ n , β n ) is feasible, the according value of T sec is numerically computed and denoted as T sec (τ n , β n ). Otherwise, the parameter pair is infeasible and omitted. To sum up, the maximal secondary throughput is obtained as
VI. NUMERICAL AND SIMULATION RESULTS
In this section, we will verify the effectiveness of our theoretical analysis and show the impacts of various parameters to the system performance. Unless stated otherwise, the system parameters are set as η = 0.5, β = 0.7, N = 1000, τ = 0.5, δ = 0.5, P p /σ 2 = 25 dB, P a /σ 2 = 50 dB, P s /σ 2 = 40 dB, and P r = P s . The mean value of channel power fading is modeled as λ xy = d −α xy , where d xy is the distance between transmitter x and receiver y, and α is the path-loss exponent set as α Fig. 4 shows the outage probability versus the transmitterside SNR at AP. Given the transmit power of PU, with the increase of P a , it becomes more likely for PU to harvest enough energy in the first phase and thus PU transmits more possibly in the second phase. When P a is large enough, the probability of PU harvesting required energy will approach one. As a result, the outage probability of primary system gradually gets smaller and finally it approaches a constant. With the increase of P a , the outage probability of secondary system gets larger and approaches also a constraint finally. This is because, when PU are more likely active in the second phase, the secondary system will more likely use (1 − β) fraction of bandwidth for the data transmission and rarely use the whole bandwidth. In the lower regime of P a , the higher P p leads to the higher outage probability of primary system, because it becomes more difficult for PU to harvest enough energy. But, in the higher regime of P a , the higher P p brings lower outage probability to the primary system, because the PU can more likely transmit with a higher power. For the secondary system, the higher power of PU, that is P p , makes the outage probability smaller, because the secondary system has more opportunities to transmit over the whole bandwidth. For the primary system, our theoretical results are approximate values to the simulation results, while for the secondary system, our derived theoretical results are lower bounds to the simulation results. Fig. 5 shows the outage probabilities of both systems versus the transmitter-side SNR at SS. Given the transmit power of SR, with the higher power used by SS, the outage probabilities of both systems become smaller. This is because, the higher transmit power of SS can help increase the amount of harvested energy at PU in the first phase, and thus lower down the outage probability of primary system. Also, the higher the transmit power of SS, the more reliable of the secondary data transmission, which can also decrease the outage probability of secondary system. Given the transmit power of SS, with the increase of the relay power, the outage probabilities of both systems turn to be smaller. Once again, we can see that the theoretical results can approximate the simulation results reasonably good. Fig. 6 shows the outage probabilities of both systems versus the time allocation factor τ . The higher value of τ , the more energy can be harvested by PU in the first phase, and thus it becomes more likely for PU to transmit data to AP in the second phase and the outage probability of primary system gets smaller. But, it finally reaches a constant with large τ , because it can always harvest enough energy and thus transmits in the second phase with a fixed rate. For the secondary system, with the increase of τ , the outage probability gets larger first and then turns to be smaller. This is because, in the lower regime of τ , with the increase of τ , the PU will have more opportunities to transmit in the second phase, and thus the secondary users will less likely transmit over the whole bandwidth in the second phase, which harms the outage performance. But, in the higher regime of τ , the SUs will have more opportunities to transmit over the whole bandwidth in the first phase, which is helpful to decrease the outage probability. We can also see that our theoretical results are close to the simulation results. Fig. 7 shows the impacts of the bandwidth allocation factor to the system outage probabilities. With the increase of β, more bandwidth is allocated to the primary data transmission, thus the outage probability of primary system gets smaller, while the outage probability of secondary system gets larger. With the increase of P s , the outage probability of primary system gets smaller, because more energy can be harvested by PU in the first phase due to the higher-power transmission of SS. The higher transmit power of SS can also lower down the outage probability of secondary system. Fig. 8 shows the maximal throughput of secondary system versus the transmit power of AP. with the increase of P a , more energy can be harvested by PU, so the throughput of nonspectrum sharing primary system can be improved, which means it becomes more difficult to satisfy the throughput requirement of the cooperative spectrum sharing scenario. As a result, more time and bandwidth are allocated to the primary system, which leads to smaller throughput for the secondary system. When P a is large enough, the throughput improvement requirement of primary system can not be satisfied, so the throughput of secondary system becomes zero, as the spectrum sharing is not allowed. With higher transmit power adopted by PU, the maximal throughput of secondary system gets larger. Fig. 9 shows the maximal throughput of secondary system versus the throughput improvement ratio of primary system. With higher throughput required by the primary system, more time and bandwidth resources should be allocated to the primary transmission, and as a result the maximal achievable throughput of secondary system gets smaller. When δ is large enough, the throughput requirement of primary system cannot be guaranteed, so the spectrum sharing is not allowed and the throughput of secondary system becomes zero. With the increase of the transmission rate v p , the maximal throughput of secondary system gets smaller, as it becomes more difficult to satisfy the throughput requirement of primary system, and thus the secondary system achieves less opportunities for the spectrum sharing. Fig. 10 shows the maximal throughput of secondary system versus the transmission rate of PU. Given the transmission rate v s of secondary data, with the increase of v p , the maximal throughput of secondary system gets smaller. Given the transmission rate v p of primary data, with the increase of v s , the maximal throughput of secondary system gets larger. When v p is large enough, the primary throughput requirement can not be satisfied and the throughput of secondary system becomes zero. Fig. 11 plots the total throughput improvement ratio of the cognitive radio network compared with the stand-alone primary network without spectrum sharing, where the total throughput improvement is defined as the ratio of the sum-throughput of both primary and secondary systems in the cooperative spectrum sharing over the throughput of the stand-alone primary network without spectrum sharing. This total throughput improvement ratio reflects actually the spectral efficiency. It is worth mentioning that although the throughput of primary system is also increased to satisfy the constraint of problem (47), it can not reflect the spectral efficiency. We can see that, with the increase of P a , the throughput improvement ratio gets smaller. In general, by introducing the SUs to share the spectrum through implicitly charging the PU can significantly improve the total network throughput. Almost 40 times improvement can be achieved compared with the non-spectrum sharing scenario. With the increase of P a , the throughput improvement ratio gets smaller, as more resources are allocated for the primary trans- mission and few opportunities are available for the secondary transmission. Fig. 12 plots the total throughput improvement ratio versus the transmit power of SS. With the increase of P s , the throughput requirement of primary system can be more easily satisfied and the throughput of secondary system can be meanwhile enhanced. As a result, the total throughput gets larger. The total throughput can be enhanced by almost seven times compared with the non-sharing scenario, which can verify that our scheme can significantly improve the system spectral efficiency. Besides, the larger power of relay can also help increase the total network throughput. Fig. 13 shows the total throughput improvement of the spectrum sharing system versus the primary performance requirement. When v p = 1 bits/s/Hz, with the increase of ρ, the total throughput increases first and then decreases. The higher primary throughput can be achieved with larger ρ, while the secondary throughput gets smaller, as a trade-off, the total throughput has a rise and down trend. But, when v p = 1.5 bits/s/Hz or v p = 2 bits/s/Hz, the total throughput gets smaller with the increase of δ. VOLUME 7, 2019 FIGURE 13. The total throughput improvement ratio versus the primary throughput improvement ratio δ. Fig. 14 shows the total throughput with respect to the transmission rate of PU. With the increase of v p , the total throughput gets smaller first and then turns larger. In the lower regime of v p , the secondary data transmission contributes more to the total throughput, while in the higher regime of v p , the primary data transmission contributes more to the total throughput.
VII. CONCLUSION
In this paper, we have proposed a two-phase cooperative spectrum sharing scheme with an EH-PU, where SUs can cooperatively transmit data in both time and spectrum domains. In the first phase, the secondary data is cooperatively transmitted over the whole bandwidth with the maximal power to boost the amount of harvested energy at PU and meanwhile maximize the secondary throughput. In the second phase, the secondary relay can help forward the data of both primary and secondary systems over disjoint bandwidths to improve the communication robustness. With the energy and data cooperation from secondary system, our cooperative spectrum sharing scheme can significantly enhance the system sum-throughput to almost ten times compared with the non-spectrum sharing scenario. In future work, it is interesting to extend this one-relay system to the multi-relay scenario, where the two-phase best relay selections may be performed to enhance the amount of harvested energy at PU in the WPT phase, and improve the communication quality of both systems in the data transmission phase.
APPENDIX A DERIVATION OF Pr
Based on (1), (2) and (3), the probability Pr E p > E 0 can be expressed as (48), as shown at the top of the next page.
The probability Q 1 is obtained as
The probability Q 2 is derived as
The probability Q 3 can be derived as
Substituting (49), (50) and (51) into (48), we can derive the result of Pr E p > E 0 as given in (29) .
APPENDIX B DERIVATION OF P I outp
Considering (16), (14) , (19) , (20) and (33) , similar to [21] and [42] , we make the following approximation to the expression of γ pri , i.e., γ pri = γ pa + γ pr γ ra γ pr + γ ra + 1 < γ pa + γ pr γ ra γ pr + γ ra ≤ γ pa + min γ pr , γ ra .
Thus, the secondary outage probability in the first phase can be approximated as P I outp = Pr γ pri < ξ pri ≈ Pr γ pa + min γ pr , γ ra < ξ p .
Denoting J = min γ pr , γ ra , we can have . 
Then, we have
We also have F J (j) = Pr min γ pr , γ ra < j = 1 − Pr γ pr > j Pr {γ ra > j} .
We can compute Pr γ pr > j as Pr γ pr > j = exp − jβσ 2 λ pr P p .
Similarly, we can also compute Pr {γ ra > j} as Pr {γ ra > j} = exp − jβσ 2 λ ra P r .
By substituting (57) and (58) into (56), we can get the CDF of J F J (j) = 1 − exp − βσ 2 λ pr P p + βσ 2 λ ra P r j .
Hence, the PDF of J is given by By substituting (59) and (60) into (54), we can obtain the approximate result of P I outp given in (33) .
APPENDIX C PROOF OF INCREASING MONOTONICITY OF T pri AGAINST β
It is apparent that only the term (1 − P I outp ) is related to the parameter β in (42) . Hence, we only focus on proving the increasing monotonicity of (1 − P I outp ) with respect to β. According to (33), 1 − P I outp is denoted as P I outp , given by 
The first derivation of P I outp with respect to β can be expressed as (62), as shown at the top of this page.
The first term I 1 can be characterized by the following two cases:
• If a + b > c , we have • If a + b < c , we have 
